If the charged Higgs boson H + exists with m H + < m t + m b , the conventional expectation is that it will decay dominantly into cs and τ + ν τ . However, the three-body decay mode H + → W + bb, which has been routinely neglected in previous studies, is seen to be very important in the low tan β region for m H + > 140 GeV. We explore its phenomenological implications for the charged-Higgs-boson search in top-quark decay.
The discovery of the top quark at the Tevatron collider [1, 2] has generated a good deal of current interest in the search for new particles in the decay of the top-quark. In particular, top quark decay is known to be a promising reaction to look for the charged Higgs boson of a two-scalar doublet model and, in particular, the minimal supersymmetric standard model (MSSM) [3] . In the diagonal CKM matrix approximation the MSSM charged Higgs boson couplings to the fermions are given by
where tan β is the ratio of the vacuum expectation values of the two scalar doublets and the index i labels the quark and lepton generation. This interaction implies a large H + tb Yukawa coupling when tan β ∼ < 1 and tan β ∼ > m t /m b (2) where one expects a large branching fraction for t → bH + decay (given m t > m H + ). Interestingly the regions tan β ∼ 1 and ∼ > m t /m b are favored by SUSY-GUT models for a related reason -i.e. the unification of the b and τ masses which requires a large negative contribution from the top Yukawa coupling to the renormalization group equation [4] .
It should be noted here that the perturbation theory limit on the H + tb Yukawa coupling
while the GUT scale unification constraint implies stricter limits
which are also required if one assumes the perturbation theory limit on the Yukawa coupling to remain valid up to the GUT scale [5] . Without any GUT scale Ansatz, however, the allowed region of tan β extends down to 0.2. We shall assume only the particle content of the MSSM Higgs sector but no constraints from GUT scale physics. Our analysis will remain valid in any two-Higgs doublet model satisfying the coupling pattern of the MSSM as given by (1); i.e. the so-called class II models [6] .
For m t > m H + the dominant decay modes have so far been assumed to be the two body decays H + → cs, τ + ν. The corresponding widths are
The leading QCD correction is taken into account by substituting the quark mass parameters for eqs. (1) and (5) by the running masses at the H + mass scale. Its most important effect is to reduce the charm quark mass m c from 1.5GeV to 1GeV [7] . Consequently the two rates are approximately equal when tan β ∼ 1; the τ ν (cs) rate dominates when tan β > 1 (tan β < 1).
In this note we shall consider (for the first time, as far as we know) a very important 3-body decay channel of the Higgs boson, namely
where the bW + comes from a virtual t quark, which seems to have received very little attention so far [8] . The dominant contribution comes from the top-quark exchange with a large Yukawa coupling of H + given by the first term in eq. (1). One can easily estimate the corresponding width as
where sb, s b and s W are the 4-momentum squared transferred to the corresponding particles provided the off-shell propagator suppression factor is not too large. The latter is ensured for m H + ∼ > 140GeV. Thus the 3 body decay (7) is the dominant mode for The H ± search strategies in top quark decay have so far been based on the distinctive features of the channels
vis-a-vis the standard model decay
As we have seen above, however, this strategy is valid only up to m H + ≃ 130GeV. For m H + ∼ > 140GeV the cs mode (11) is overtaken by
as the dominant decay mode for the low tan β ( ∼ < 1) region. The distinctive feature of this new channel is evidently very different from those of the channels (10) and ( 11) .
In order to assess the impact of the new channel (13) let us summarize the main features of the current H + search program in tt decay. It is based on two strategies -i) excess of tt events in the τ channel, and ii) their deficit in the leptonic (ℓ = e, µ) channel with respect to the standard model prediction from (12) . The first is appropriate for the large tan β region where the τ ν channel (10) is the dominant channel of the charged Higgs decay.
One can already get significant limits on m H + for very large tan β ( ∼ > m t /m b ) from the CDF tt data in the ℓτ and inclusive τ channels [11, 12] . This analysis can be extended down to lower values of tan β at the Tevatron upgrade and the LHC by exploiting the opposite states of τ polarization from W ± and H ± decays [13] . Evidently this type of analysis would not be affected by the new channel.
The second strategy is based on a suppression of the leptonic (e, µ) decay of the top due to the H + channels (10) 
is actually slightly higher than the QCD prediction of σ tt ≤ 5.6pb [15] . This has lead to a significant lower limit on m H + at low tan β ( ∼ < 1), assuming dominance of the cs decay channel (11) [16, 17] . Evidently this method will be valid only up to m H + = 130GeV. Beyond this value the dominant charged Higgs decay channel in the low tan β ( ∼ < 1) region is (13), which does not imply any reduction in the leptonic decay of the top. Instead it implies an increase in the b−tagging efficiency due to the multi−b final state. Since the CDF cross section is largely based on the b−tagged events, the presence of the decay channel (13) would imply an increase of this cross section relative to the standard model prediction, instead of a decrease. Thus it will go in the same direction as the data.
Let us now look at the implications of the new H ± decay channel (13) on Tevatron tt events more closely. In Fig. 2 we show the branching fractions for t → bH + and H + →bbW decays over the low tan β region for m H + = 140 and 150GeV. Also shown is the product of these two branching fractions,
which is about the same for both values of m H + . We see that this branching fraction lies in the range 5 − 20% for tan β = 1 − 0.6. This corresponds to a probability of about 10 − 40% (≃ 2B) for the channelt
where one of the top-quarks decays via an H ± .
We have studied the characteristic features of the above channel versus the standard model decayt
via a parton-level Monte Carlo program. While the ℓ and ν from W decay have very similar kinematic distributions in the two cases, there is a clear difference in the number of tagable b-quarks. We assume the criteria of b tagging per b for run II [18] . Table 1 shows the probability distribution of the numbers of b quarks per event satisfying the tagging criterion (18) for the signal (16) Again there seems to be an indication of such an excess in the CDF data [17] . It should be remarked however that the excess is expected to appear in the ≥ 3 jet events; but not in the 2 jet sample, except thorough fluctuations. The size of the present data sample is admittedly too small to make a quantitative comparison. It is important to note, however, that the size of the signal can have visible impact even at the level of the existing limited data.
It should be noted here that one expects a 20-fold rise in the number of tt events in the run II, and the efficiency of single and double tags to go up by factor of 1.5 and ∼ 3 respectively. Thus one expects about 1000 single (≥ 1) and 200 double (≥ 2) b-tagged events for CDF, and similar numbers for DØ (in run II). Even with a B of only 5%, this would correspond to an excess of ∼ 30 double b-tagged events, i.e. a 2 − 3σ effect. Moreover, the 6.6% efficiency for ≥ 3 b-tags for the signal would imply at least 10−12 triple b-tagged events for B ≥ 5%. Finally, one should be able to get additional constraints from the clustering of the reconstructed H ± mass.
Thus the 3-body decay channel provides a visible signature for a charged Higgs boson in top-quark decay over its region of dominance, i.e. m H + ∼ > 140GeV and tan β ∼ < 1. This can be used to probe for an H ± at the Tevatron run II over the mass range 140 − 150GeV, and can be extended beyond 160GeV at the LHC. We conclude with the hope that this channel will play an important role in the charged Higgs boson search program in the future.
